The safe and effective use of interstitial thermal therapy (ITT, radiofrequency ablation) for treatment of lung neoplasms was examined in a preclinical model. Lesions were reproducibly created in normal lung parenchyma and were affected by conductive heat loss via air and blood flow and the presence of bronchi. These observations of controlled injury to lung tissue suggest that clinical application would be appropriate and may yield advantages to selected patients with lung neoplasms (lung cancer, pulmonary metastases, etc.) or other pulmonary diseases.
INTRODUCTION
Long term survival may be achieved with local control via resection for patients with primary and secondary neoplasms of the lung. Open surgical techniques, such as thoracotomy and removal of lung tissue1'2 are well-defined and provide patients with To further study this question, accurate comparisons of treatment effects and instrument design are required. Firstly, the identification of useful treatment endpoints must be identified that can be followed over time and, secondly, observation techniques must be chosen that allow meaningful qualitative and quantitative evaluations of the treatment and its resolution.
13'14
The basic treatment mechanism of ITT is lethal thermal injury to the targeted tissue(s) without undue harm to tissues beyond the desired treatment volume.
Specifically, for ITT of cancers, the targeted tissues are the cancer itself and a band of adjacent non -tumorous parenchyma to encompass the invasive bnborders of the malignant neoplasm. Currently, the various imaging techniques including x -ray, comperized tomography (CT), magnetic resonance imaging (MRI) and ultrasound have been used to define the borders of ITT lesions during, immediately after and at various intervals after the heating treatment. In general, MRI, CT and ultrasound have been effective for reliably imaging lesions in the days following treatment but have not been useful for accurate assessment of the lesions during or in the several hours following treatment. Therefore, qualitative and quantitative pathologic techniques, albeit that they are destructive, are useful for describing, mapping and measuring the treatment lesions and their resolution over time. 13'14 We examined the role of ITT in a preclinical model using radiofrequency energy. Direct interstitial thermal coagulation may provide local control of primary and secondary tumors of lung. Interstitial thermal coagulation has previously eradicate liver metastases successfully we evaluated interstitial thermal graduation in a precritical model of acute and chronic duration. To further study this question, accurate comparisons of treatment effects and instrument design are required. Firstly, the identification of useful treatment endpoints must be identified that can be followed over time and, secondly, observation techniques must be chosen that allow meaningful qualitative and quantitative evaluations of the treatment and its resolution. 1314
Specifically, for ITT of cancers, the targeted tissues are the cancer itself and a band of adjacent non-tumorous parenchyma to encompass the invasive bnborders of the malignant neoplasm. Currently, the various imaging techniques including x-ray, comperized tomography (CT), magnetic resonance imaging (MRI) and ultrasound have been used to define the borders of ITT lesions during, immediately after and at various intervals after the heating treatment. In general, MRI, CT and ultrasound have been effective for reliably imaging lesions in the days following treatment but have not been useful for accurate assessment of the lesions during or in the several hours following treatment. Therefore, qualitative and quantitative pathologic techniques, albeit that they are destructive, are useful for describing, mapping and measuring the treatment lesions and their resolution over time. 1314
We examined the role of ITT in a preclinical model using radioffequency energy. Direct interstitial thermal coagulation may provide local control of primary and secondary tumors of lung. Interstitial thermal coagulation has previously eradicate liver metastases successfully we evaluated interstitial thermal graduation in a precritical model of acute and chronic duration.
The following hypotheses were tested in this study of ITT in porcine lung: 1) characteristic and reproducible lethal thermal lesions can be produced with a radiofrequency probe introduced via a trochar into the inflated lung, 2) the thermal lesions will be formed of characteristic thermal damage zones, a cental thermal coagulum and a peripheral red band, whose boundaries can be measured, 3) the configuration of the acute thermal lesion will be modified by the design and size of the treatment probe and/or the bronchial and vascular anatomy of the lung, 4) lethal thermal damage manifest by tissue necrosis at three days will correspond to the outer boundary of the red thermal damage zone, 5) blood flow with be restored in the open lumens of necrotic blood vessels within three days of heating, 6) organization and healing of the thermal lesion will originate from the peripheral viable tissue and 7) the healing lesions will be the same size as the acute lesion until fibrous scar replaces the necrotic tissue.
MATERIALS AND METHODS
Domestic swine (female, 50 -70 kg) were used in acute and chronic studies. The following hypotheses were tested in this study of ITT in porcine lung: 1) characteristic and reproducible lethal thermal lesions can be produced with a radiofrequency probe introduced via a trochar into the inflated lung, 2) the thermal lesions will be formed of characteristic thermal damage zones, a cental thermal coagulum and a peripheral red band, whose boundaries can be measured, 3) the configuration of the acute thermal lesion will be modified by the design and size of the treatment probe and/or the bronchial and vascular anatomy of the lung, 4) lethal thermal damage manifest by tissue necrosis at three days will correspond to the outer boundary of the red thermal damage zone, 5) blood flow with be restored in the open lumens of necrotic blood vessels within three days of heating, 6) organization and healing of the thermal lesion will originate from the peripheral viable tissue and 7) the healing lesions will be the same size as the acute lesion until fibrous scar replaces the necrotic tissue.
Domestic swine (female, 50 -70 kg) were used in acute and chronic studies. Radiofrequency energy was applied at increments from 5-90 watts by alternating current applied to create thermal lesions. In vivo lesions were created in the left lung of 10 animals (4 acute, 6 chronic). A two -phase application of the energy was used to create these lesions. The initial phase was started at a low energy level and advanced at 5 minute intervals until impedence increased to over 400 Ohms. A second phase was started at approximately 50% total energy and advanced in a a similar manner until impedence increased to over 400 Ohms. 142 / Critical Reviews Vol. CR75 animals (4 acute, 6 chronic). A two-phase application of the energy was used to create these lesions. The initial phase was started at a low energy level and advanced at 5 minute intervals until impedence increased to over 400 Ohms. A second phase was started at approximately 50% total energy and advanced in a a similar manner until impedence increased to over 400 Ohms. Quantitative comparisons of lesion sizes were made with probe antennae diameter and the average largest dimensions of each lesion.
RESULTS

Acute studies Following ITT
The acute ITT lesions in the porcine lung were ovoid, targetoid lesions 
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mm gggiijgE of two thermal damage subzones. The inner zone was due to hemostasis secondary to direct thermal coagulation of red blood cells in dilated, coagulated blood vessels. The outer zone formed as a result of hemostasis, focal blood clotting and hyperhemia (increased blood flow in dilated vessels) due to pathophysiologic vascular mechanisms in response to the heat. The lung tissues in the inner red zone showed less severe thermal coagulation changes than the central coagulum but the tissues of the outer red zone did not seem to be damaged at the light microscopic level.
Not infrequently, small holes formed by the deployed tines of the probe antennae were found in the microscopic sections of the coagulum and/or the peripheral red damage zone. Like the probe holes, the tine holes were variably surrounded by thermally coagulated blood and tissue and, in some cases, seemed to be associated with tissue tearing.
The walls of some large and medium sized pulmonary arteries and veins present adjacent to some probe holes were ruptured and associated with some hemorrhage into the adjacent tissues. Similarly, tears and hemorhages in pleura and pericardium were found where the probe and/or tines extended beyond the lung. In one case, placement of the probe at the lobar hilum was associated with vessel and pleural rupture and resulting pulmonary hemorrhage. Fluoroscopic images showed the probe and deployed tines to be displaced and deflected by the thick hilar bronchial walls. This displacement was not seen in fluoroscopic images of probe placement in association with segmental hilar bronchi. Blood clots were found in some segmental and subsegmental bronchi in association with ruptured large blood vessels and associated pulmonary hemorrhage.
In some thermal lesions, the large blood vessels were intact but their walls were severely damaged by transmural thermal coagulation. Occasionally, these blood vessels were occluded by fresh thrombi (intravascular blood clots). Thermal coagulation and red thermal damage extended to the bronchial walls in continuum with the adjacent lung parenchymal lesions. The large and small bronchial lumens were open and the walls were not collapsed. The nuclei of the bronchial cartilage cells showed shrinkage but otherwise the only other reliable sign of cartilaginous thermal damage was the hyalinization of the perichondial collagen. The bronchial epithelium was detached and frequently sloughed in the red thermal damage zones.
148 / Critical Reviews Vol. CR75 of two thermal damage subzones. The inner zone was due to hemostasis secondary to direct thermal coagulation of red blood cells in dilated, coagulated blood vessels. The outer zone formed as a result of hemostasis, focal blood clotting and hyperhemia (increased blood flow in dilated vessels) due to pathophysiologic vascular mechanisms in response to the heat. The lung tissues in the inner red zone showed less severe thermal coagulation changes than the central coagulum but the tissues of the outer red zone did not seem to be damaged at the light microscopic level.
Three days following ITT
The outer boundary of the red damage zone was more defined at three days than in the acute specimens (See figure 6A gross photo, and 6B microscopic] This boundary was within 1 mm of the outer boundary of necrotic lung and bronchial parenchyma. In some places, the outer red rim boundary adjacent to bronchi was irregular with sparing of lung parenchyma surrounding the peripheral bronchus. (Figure 6A persistence of the coagulum. These damage zones have different prominent components such as blood in the acute and 3 day lesion, the increase of fibrous scar tissue and the desiccated central coagulum. These components could be targeted as image markers that could be best used at different times of the treatment and healing process. 13;14
The wedge-shaped areas of pulmonary hemorrhage seen in some 3 and 7 day specimens were related to blood vessel rupture and secondary occlusive thrombosis.
Only hemorrhage, not true infarction , were seen downstream from theses damaged vessels. Since air flow was blocked by the necrosis of the bronchial walls and the occlusion of bronchial lumens in these lesions, the distal lungs could not be re-expanded.
At 28 days, the histology showed obstructive pneumonia and chronic atelectasis.
Therefore, a considerable amount of non -functioning lung tissue can be created by ITT particularly with the compromise of segmental blood vessels. This delayed reaction may be significant in patients with limited functional lungs, such as cancer patients with emphesema or pulmonary fibrosis due to previous radiation or chemotherapy treatments.
Early identification of the value of localized hyperthermia in treating primary lung cancer was described by Lily and colleagues." They noted that significant heating could be obtained with an internal electrode array and an external electrode to apply radiofrequency current to a tumor mass. They used a dog model for preclinical studies and demonstrated that temperature profiles were reproducibly obtained over time and within the tissue. The treated a 5 cm bronchogenic carcinoma in this manner. The tumor was easily heated without significant damage of the surrounding lung and without apparent toxicity. The authors suggested that the technique may be applicable to a variety of operable but unresectable neoplasms. The authors also noted that the technique provides reproducible treatment and homogeneity of heating. [18] [19] [20] [21] [22] LeVeen and colleagues22 noted that tumor blood flow was less than blood flow to the surrounding tissue (2 percent to 15 percent). They suggested that radiofrequency energy for heating tissue locally would be easily applied to tumor. They used this factor for the healing delay lesion as imaged using ultrasound, computerized tomography and magnetic resonance imaging.
The distinct boundaries of thermal damage seen in the acute and survival lesions are related to different mechanisms: 1) accumulation of blood in the peripheral lesion in the acute and 3 day lesions, 2) organization and scar tissue formation and 3)
persistence of the coagulum. These damage zones have different prominent components such as blood in the acute and 3 day lesion, the increase of fibrous scar tissue and the desiccated central coagulum. These components could be targeted as image markers that could be best used at different times of the treatment and healing process. 13;l4
Therefore, a considerable amount of non-functioning lung tissue can be created by ITT particularly with the compromise of segmental blood vessels. This delayed reaction may be significant in patients with limited functional lungs, such as cancer patients with emphesema or pulmonary fibrosis due to previous radiation or chemotherapy treatments.
Early identification of the value of localized hyperthermia in treating primary Radiofrequency thermal ablation will provide our patients with another technique of local control for primary and secondary lung neoplasms, and potentially other pulmonary diseases. The use of radiofrequency thermal ablation must be examined within the total care of the cancer patient: including appropriate clinical and pathologic staging, and the multidisciplinary evaluation and review prior to initiation of treatment.
Radiofrequency thermal ablation holds great promise for our patients with pulmonary neoplasms in the next millennium. Radiofrequency thermal ablation will provide our patients with another technique of local control for primary and secondary lung neoplasms, and potentially other pulmonary diseases. The use of radioffequency thermal ablation must be examined within the total care of the cancer patient: including appropriate clinical and pathologic staging, and the multidisciplinary evaluation and review prior to initiation of treatment.
Radioffequency thermal ablation holds great promise for our patients with pulmonary neoplasms in the next millennium.
